Voltage-sensitive K+ channels were studied in rat cerebellar Purkinje neurons in culture using the single-channel recording technique.
The electrophysiological properties of mammalian CNS neurons are established by the type and cellular distribution of ionic conductances present in the neuronal membrane. Considerable information is now available about these conductances due to the development of in vitro preparations such as isolated brain slices and tissue culture preparations. These preparations are suitable for long-term electrophysiological studies using intracellular and voltage-clamp techniques. However, a full characterization of the ionic conductances has been limited by 2 technical problems: (1) the large dendritic structure of many CNS neurons creates space-clamp problems that confound voltage-clamp studies, and (2) selective ion channel blockers are not available for all ion channel types. Thus, we have turned to the single-channel recording technique as a means to further explore the ionic conductances that contribute to the physiological properties of CNS neurons.
To date, few single-channel studies of CNS neurons have appeared. Consequently, relatively little is known about the specific ion channel types that mediate CNS neuronal excitability. Such studies have been hampered by the heterogeneous nature of CNS tissue, the varied electrical properties of the resident neuronal types, the limited availability of cell-specific markers, and the difficulty in maintaining CNS neurons under appropriate in vitro conditions. To circumvent these problems, we have focused on a culture model system, modified organotypic cultures of cerebellar neurons, where single-channel recordings from an identified CNS neuronal type, the cerebellar Purkinje neuron, are possible (Gruol, 1983; Yool et al., 1988) .
In culture, Purkinje neurons express many of the physiological properties described for Purkinje neurons in vivo or in the isolated brain slice preparation, though the extent of the similarity appears to depend somewhat on the culture methods (Bossu et al., 1988; Kapoor et al., 1988; Hockberger et al., 1989) . In our culture preparation, the Purkinje neurons exhibit high-frequency firing patterns and pacemaker activity and generate several types of spike events (Gruol, 1983; Gruol and Franklin, 1987) . These properties reflect properties described for Purkinje neurons in vivo (Eccles et al., 1967; Woodward et al., 1969) or in the in vitro slice preparation (Llinas and Sugimori, 1980b; Hounsgaard and Nicholson, 1983; Hounsgaard and Midtgaard, 1988) . The similarity in properties indicates that many of the intrinsic ionic conductances important for normal membrane functions in vivo are expressed in the culture preparation, where they can be examined using high-resolution electrophysiological techniques such as the single-channel recording technique.
Studies using intracellular, voltage-clamp, and Ca2+ imaging techniques have shown that a variety of voltage-sensitive conductances, including several K+ conductances, are involved in the production of the complex membrane events generated by the Purkinje neuron (Llinas and Sugimori, 1980a,b; Crepe1 and Penit-Soria, 1986; Gruol and Franklin, 1987; Ross and Werman, 1987; Bossu et al., 1988 , 1989a ,b, Hounsgaard and Midtgaard, 1988 Tank et al., 1988; Gahwiler and Llano, 1989; Hockberger et al., 1989) . In the present study, we have extended these studies by examining the cellular membrane of the Purkinje neuron for K+ channel types.
K+ conductances are known to play a central role in the excitability of CNS neurons. K+ conductances contribute to the resting membrane potential, the repolarization of the membrane during action potential generation, the production of intrinsic pacemaker or bursting activity, and the transduction of synaptic signals elicited by certain transmitters (Rudy, 1988) . Based on kinetic properties, voltage sensitivity, and sensitivity to ion channel blockers, 4 main classes of K+ conductances have been identified: delayed rectifiers, inward rectifiers, transient currents, and Ca2+ activated K+ conductances (Thompson and Aldrich, 1980) . Distinct K+ channel types are thought to underlie each conductance class. Direct demonstration of multiple K+ channel types and, in some cases, a correlation of channel types with specific membrane conductances have come from studies using the single-channel recording technique. In the majority of these studies, peripheral neuronal cells, non-neuronal cells, cell lines, or invertebrate preparations were examined (Rudy, 1988) . Relatively little information is available on the K+ channel types that contribute to the excitability of mammalian CNS neurons.
One advantage of our culture preparation for single-channel studies is that the somatic and dendritic regions can be clearly visualized, enabling recordings from both cellular regions. An examination of dendritic properties in the Purkinje neuron is of particular interest because active membrane conductances have been observed in intracellular, voltage-clamp, and Ca*+ imaging studies of the dendritic region (Llinas and Sugimori, 1980b; Gruol, 1986; Ross and Werman, 1987; Tank et al., 1988; Bossu et al., 1989a; Hockberger et al., 1989) . Recently, Bossu et al. (1989b) have shown that Ca2+ channel types are present in dendrites of Purkinje neurons using the single-channel recording technique.
The presence of active conductances in the dendritic region, the main site of synaptic input to CNS neurons, has important functional implications for the transduction and integration of synaptic signal. In the Purkinje neuron, dendritic Ca2+ conductances have been associated with dendritic spike generation, the production of endogenous activity patterns, and membrane depolarization elicited by synaptic events (Llinas and Sugimori, 1980b; Tank et al., 1988) . A question then arises as to how the depolarizing actions of the dendritic Ca2+ conductances are controlled. Voltage-sensitive dendritic K+ channels could subserve this function. Thus, we have examined both the somatic and the dendritic region of the Purkinje neuron for the presence of K+ channel types. Results from these studies demonstrate that multiple K+ channel types are present in both the somatic and the dendritic regions of this CNS neuronal type.
Materials and Methods
Culture methods. Modified organotypic cultures were prepared from the cortical region of fetal rat cerebella according to methods described previously (Gruel, 1983) . Briefly, the cortical regions of 20-d-gestation rat embryo cerebella were minced, gently triturated, plated on poly-Dlysine coated culture dishes containing culture medium, and incubated at 37°C in a CO, incubator. The cultures were maintained for up to 1 month with biweekly medium change. Brief treatment with 5-fluorodeoxyuridine (40-80 PM) retarded the growth of non-neuronal cells.
Cultures prepared by this method contain the 6 neuronal types present in the cortical region of cerebellum in vivo: the Purkinje neuron and basket, stellate, Golgi, Lugaro, and granule cells. The Purkinje neurons are the largest neuronal type in culture and can be distinguished from the other neuronal types by their unique morphology and selective immunostaining (Gruol and Crimi, 1988) . The Purkinje neurons are immature at the time of plating but complete their morphological, physiological, and synaptic maturation during the culture period (Gruol and Franklin, 1987) .
Electrophysiological methods. Purkinje neurons maintained in culture for more than 2 weeks and expressing well-developed somatic and dendritic structures were studied. The large soma (20-25 FM in diameter) and thick dendritic processes (3-5 ELM in width) are suitable for wholecell and single-channel recordings. Recordings were made from both cellular regions according to established procedures (Hamill et al., 198 1; Yool et al., 1988) . Dendritic recordings were made in the thickest region, which varied among the dendrites studied (e.g., along the dendritic shaft, at branch points, or at the distal end). Gigohm seals were obtained in approximately 10% of the somatic and dendritic recordings attempted. Seal resistances ranged from 1 to 10 GQ. The low success rate for obtaining high-resistance seals in this preparation appears to be due to the expression of surface components that interfered with seal formation. Enzyme treatments to clean the neuronal surface point to recording were ineffective or damaged the neurons and were not used. The difficulty in obtaining GR seals prevented a detailed study of channel distribution.
Electrodes were prepared from hematocrit glass (Fisher), coated with Sylgard and fire-polished. Useful recordings were obtained with electrodes in the range of 5-6 MB. Lower-resistance electrodes rarely formed Gfl seals; higher-resistance electrodes produced unstable recordings. The electrodes contained physiological saline or a high-K+ saline of the following composition (mM): KC1 or K+-gluconate, 144; NaCl, 8; MgCl,, 2; glucose, 10; HEPES-NaOH, 10 (pH, 7.3); EGTA, 1; and CaCl, to give free Ca2+ concentrations of 0.1 or 0.5 PM. The bath contained physiological saline consisting of the following (mM): NaCl, 140; KCl, 3.5; KI-I,PO,, 0.4; Na,HPO,, 1.25; CaCl,, 2.2; MgSO,, 2; glucose, 10; and HEPES-NaOH, 10 (pH, 7.3). Recordings were made with the List EPC-7 patch-clamp amplifier (Medical Systems, Inc.) or the Axopatch (Axon Instruments). Experiments were performed at room temperature (-21°C).
Data acquisition and analysis. The use of the single-channel recording technique to examine ion channel types in Purkinje neurons was complicated by the fact that most patches contained multiple channels of the same and different types. Conventional analysis methods involving short-duration voltage commands were not useful with these complex recordings because channel activity elicited at one membrane potential could not be correlated unequivocally with events elicited at other membrane potentials. Consequently, an analysis procedure based on the use of long-duration voltage commands (seconds to minutes) combined with visual, manual, and computer evaluation of the data was used. With such an approach, channel types exhibiting strong inactivation at all potentials would not be detected. However, considerable channel activity was observed under these conditions, indicating that in the Purkinje neuron several channel types do not fall into this category. Of these, channel types selective for K+ were identified by their reversal potential under different ionic conditions. All K+ channel types studied under these conditions were active for the duration ofthe applied voltage command but were not active at all applied potentials.
All single-channel data were recorded on FM tape (Racal Store 4DS recorder) for off-line analysis. For manual analysis, taped recordings of channel activity obtained at different membrane potentials were played back onto a polygraph recorder at reduced tape speeds and varying polygraph speeds to display the channel events at different time bases. The polygraph recordings were used for within-patch and across-patch comparisons. At each potential studied, channel events were measured and the characteristics of the activity noted. Characteristics used to distinguish channel types at the same and different membrane potentials included the amplitude and relative durations of the open states, the amount of noise in the open state, the patterns of activity (i.e., single openings vs. clusters of openings, continuous vs. intermittent activity patterns), the I-V relation, and the potentials at which the channels were active.
For computer analysis, the same taped data were filtered at l-3 kHz (Bessel filter, 3-dB cutoff), digitized at sampling rates of 60-400 psec, and analyzed with a PDP 1 l/73 computer (Indec System) using semi- u Recording condition refers to the recording configuration of the patch and the extracellular concentration of K+; K+ concentrations at the intracellular side of the membrane reflect physiological levels (i.e., -150 mM). Values are mean k SEM; numbers in parentheses indicate total number of channels studied. IV = total number of patches studied and includes data from somatic and dendritic patches. b Includes only patches containing the channel type. automated procedures and computer programs similar to those described in Leibowitz and Dionne (1984) . The single-channel events were visualized on a monitor during the computer analysis, and comparisons were made to the events displayed in the polygraph recordings of the same data. Computer analysis generated (1) amplitude histograms for construction of I-V curves and frequency of activity graphs, (2) Voltage sensitivity was assessed qualitatively by visual inspection of the frequency and duration of channel activity in polygraph recordings and quantitatively by the computer analysis of the frequency of channel openings or the percent of sample time spent in the open state. The frequency of channel openings was obtained by dividing the number of computer-detected channel openings at each current level by the sample duration. Only unitary events were used for this analysis. Results were similar if all openings (single and multiple) of a channel type were considered or if the data were normalized to take into account the number of channels of a particular type in the patch. The number of each channel type in a patch was estimated from simultaneous openings ofthe unitary events representing a channel type. Simultaneous openings were easily detected in the polygraph recordings but were also evident during computer analysis. The activity graphs were used for withinchannel comparisons at different membrane potentials and for a crosschannel comparisons at the same potential. Because of the complexity of the recordings, the kinetic properties of the channel types could not be quantitatively evaluated. Efforts to isolate selectively specific channel types with pharmacological agents were unsuccessful. Most K+ channel blockers were nonselective or altered channel properties such that channel types could not be unequivocally identified.
Figures were prepared from polygraph recordings and are representative of results obtained from 108 somatic and 20 dendritic patches where sufficient data for channel identification could be obtained. To facilitate comparisons of channel types under the same and different recording conditions, channel types are initially referred to by their mean conductance values and then classified as a channel type designated by numbers ranging from Kl to K8. Mean values are expressed as mean ? standard error of the mean and contain data from both somatic and dendritic patches. N is the number of patches studied. In cell-attached recordings, the polarizing commands are referred to as applied polarization with respect to resting membrane potential (0 applied polarization).
Results
Channel activity in cell-attached patches recorded under physiological conditions. The somatic and dendritic membranes of the cultured Purkinje neurons were examined for K+ channels first using cell-attached recordings and electrodes filled with were studied. In all patches studied, single-channel events were infrequent at resting potential (i.e., no applied polarization) and during hyperpolarizing voltage commands. However, depolarization of the membrane evoked outward current events of several distinct amplitudes. These current events were identified as resulting from the activity of 3 voltage-sensitive K+ channel types based on single-channel conductance, reversal potential, voltage sensitivity, patterns of activity, and the relative duration of the open state. Figure 1 illustrates the properties of these channel types. Mean single-channel conductances derived from the linear slope of the I-V relationships were 92, 57, and 12 pS ( Table 1) . These channel types are referred to as the Kl (92 pS), K2 (57 pS), and K3 (12 pS) channel types. The Kl and K3 channel types were commonly observed in the cell-attached patches. The K2 channel type was only observed in 3 of the 15 patches studied. All 3 channel types were present in patches from the somatic and dendritic regions. The Kl (92 pS) channel type required strong depolarizations (> 50 mV) for activation (Fig. 1) . The amplitude, frequency, and duration of the unitary events increased as a function of membrane depolarization. Openings occurred at irregular intervals and ranged from < 1 to -50 msec in duration. The K3 (12 pS) channel type was activated by small depolarizations, where channel activity occurred in brief, infrequent bursts (Fig. 1) .
Like the Kl channel type, the amplitude, frequency, and duration of the openings increased as a function of membrane potential. At strong depolarizations (>60 mV), openings were still infrequent but prolonged (up to several seconds) in duration. Brief or incompletely resolved closures occurred during the long openings. The K2 (57 pS) channel type was activated by small membrane depolarizations (1 O-20 mV) where activity was characterized by prolonged openings that often lasted for several seconds (Fig. 1) . Brief or incompletely resolved closures occurred during the long openings. Further depolarization initially increased the amplitude, frequency, and duration of the openings, with maximal activity occurring at depolarizations of 30-60 mV from rest. At these potentials, multiple, prolonged openings with few excursions to baseline current level were observed. At more The depolarizing I-V relation for the 3 channel types often showed rectification. Most commonly, the rectification appeared as a decreased conductance at strong membrane depolarizations (not shown). Channel activity was infrequent at hyperpolarized potentials and could not be correlated with the channel events observed at depolarized potentials. Extrapolation of the linear range of the depolarizing I-V relations gave null potentials near resting membrane potential for all 3 channel types (L = -7 + 3 mV polarization; N = 15 patches). The negative reversal potential indicates a selectivity of the channel types for K+ or Cl-, the 2 cellular ions having negative equilibrium potentials under physiological conditions. To distinguish between these 2 possibilities, recordings were made in the inside-out configuration, where the transmembrane ionic environment could be controlled. In these studies, the bath contained high-K+ saline prepared from KCl; the recording electrode contained physiological saline. The calculated equilibrium potential for K+ was -95 mV; the calculated equilibrium potential for Cl-was 3 mV. As shown in Figure 2 , all three channel types exhibited a negative reversal potential under these conditions, identifying the channel types as K+ selective.
K+ channel types were a prominent component of the cellattached patches studied under physiological conditions. K+ channels were present in all patches studied, with a mean of 2.3 f 0.3 total channels and 1.6 f 0.2 different channel types observed per patch (N = 15; Table 1 ).
Channel activity in cell-attached patches recorded under symmetrical K+ conditions. Two difficulties were encountered in the study of K+ channels under physiological conditions: (1) in many patches, channel activity occurred over a limited range of membrane potentials, making it difficult to identify unequivocally channel types, and (2) the small amplitude of the unitary events at some potentials (especially near the reversal potential) prevented computer analysis. The use of high-K+ saline in the recording electrode, to provide a symmetrical K+ environment across the patch, alleviated some of these problems. Channel activity was more extensive under the symmetrical K+ conditions and could be detected over a wider range of membrane potentials, facilitating identification of K+ channel types. However, multiple channel types were present in most somatic (N = 44) and dendritic (N = 10) patches studied, resulting in complex recordings such as those shown in Figures 3 and 4 . The majority of this activity was identified as arising from K+ channel types based on the reversal potentials for the unitary events.
In these studies, the high-K+ saline for the recording electrode was prepared from K+-gluconate or KCl. Studies with KCl-filled electrodes were carried out first, so that K+ channel types could be distinguished from Cl-channel types by the reversal potential for the unitary events. The calculated equilibrium potential for K+ was approximately 0 mV for both salines (i.e., approximately 60 mV depolarized from rest); the equilibrium potential for Clwas approximately -60 mV (i.e., resting membrane potential) when KCl-filled electrodes were used and approximately 0 mV when K+-gluconate-filled electrodes were used. The reversal potentials for K+ channel types were similar under both conditions. Mean values were 60 + 2 depolarized from rest (N = 37) for recordings made with KCl-filled electrodes and 59 f 2 mV depolarized from rest (N = 13) for recordings made with K+-gluconate-filled electrodes. K+ channel activity and the properties of the K+ channel types were similar in recordings made with KCl-and K+-gluconate-filled electrodes. Chloride-selective channels were observed in some cell-attached patches but were not studied. In 4 cells, both the bath and the recording electrode contained high-K+ saline prepared from KCl. Under these conditions, the cell membrane potential was depolarized to 0 mV. The estimated equilibrium potentials for K+-and Cl--elective events were 0 and -63 mV, respectively. In these patches, the reversal potential for channel types identified as K+ selective based on other characteristics was at resting membrane potential (i.e., 0 mV), consistent with the identification of the K+ channel types as K+ selective (data not shown). Six K+ channel types were identified in the cell-attached recordings under symmetrical K+ conditions, based on singlechannel conductance, reversal potential, voltage sensitivity, and patterns of activity. A mean of 3.5 -t 0.2 channels and a mean of 2.8 + 0.2 different channel types were observed per patch (N = 54). The properties of these channel types are illustrated in Figures 3-6. All 6 channel types were present in both the somatic and the dendritic membranes. Mean slope conductances measured in the linear range of the I-V relations were 222, 134, 39, 25, 14, and 15 pS ( Table 1) . The most commonly observed channel types were the 222-, 39-, and 25-pS channel types. As shown in Figure 5 , the 222-and 39-pS channel types exhibited patterns of activity, open channel properties, and voltage sensitivity similar to that observed for the Kl and K3 channel types characterized in cell-attached patches under physiological conditions. Thus, the 222-pS channel type and Kl (93 pS) channel type both required strong depolarizations (>60 mV) for activation; the frequency of openings and the duration of the open state increased as a function of membrane depolarization. Similarly, the 39-pS channel type and the K3 (12-pS) channel type were both activated by small depolarizations where infrequent clusters of openings were observed; prolonged openings were elicited by strong depolarizations. However, the single-channel conductance for both channel types were approximately 2-3 times larger under the symmetrical K+ conditions.
A third channel type observed under symmetrical K+ conditions, the 134-pS channel type, also exhibited properties similar to a channel type observed in cell-attached recordings under physiological conditions, the K2 channel type. The 134-pS channel type and the K2 channel type were both characterized by a low frequency of detection in cell-attached recordings, maximal activity at membrane potentials ranging from 30 to 60 mV depolarized from rest, and long-duration openings at potentials where maximal activity was observed (data not shown). As for +142 Figure 5 . Cell-attached somatic recordings from 2 neurons showing the activity of the Kl and K3 channel types under 2 ionic conditions. The recording electrode contained physiological saline in A and high-K+ saline (K+-gluconate) in B. The single-channel activity is shown at 2 time bases. Similar outward current events mediated by a large (W) and small (0) channel type were evoked by depolarizing voltage commands under both ionic conditions. Single-channel conductances were 13 pS (K3) and 90 pS (Kl) for the 2 channel types in A and 38 pS (K3) and 250 pS (Kl) for the 2 channel types in B. The extrapolated reversal potential was -25 mV hyperpolarized from rest for both channel types under physiological ionic conditions and -60 mV depolarized from rest for the high-K+-filled electrodes. These values are consistent with the expected reversal potential for K+ channel types under the respective ionic conditions. the Kl and K3 channel types, single-channel conductance was larger under the symmetrical K+ conditions. Based on these similarities, the 222-, 134-, and 39-pS channel types observed in cell-attached patches under symmetrical K+ conditions are considered to correspond to the Kl, K2, and K3 channel types, respectively, observed in cell-attached recordings under physiological conditions.
The smaller-conductance channel types identified in cell-attached recordings under symmetrical K+ conditions, with mean conductances of 25, 14, and 15 pS, did not exhibit properties similar to channel types observed in cell-attached recordings under physiological conditions. These 3 channel types were active at resting membrane potential, in contrast to the Kl, K2, and K3 channel types, which required membrane depolarization for activation. However, the activity of the channels varied with membrane potential, indicating that they are also voltage-sensitive channel types. These channel types will be referred to as the K6 (25pS), K7 (14-pS), and K8 (15~s) channel types. Of these, the K6 channel type was the most frequently observed (Table 1) .
The K6 (25-pS) channel type contributed prominently to channel activity at resting potential and at potentials around rest (polarizations ranging from -20 to +30 mV). Openings occurred in clusters of unitary events (Figs. 3, 6 ). This channel type showed the most inactivation of the 6 channel types observed under symmetrical K+ conditions, responding to membrane depolarizations with an intense burst of activity followed by infrequent clusters of openings. Activity due to this channel type was not observed at strong depolarizations (Fig. 6) .
The K7 (14-pS) channel type was also active at resting membrane potential, where long-duration openings or clusters of openings similar to openings of the K6 channel type were observed (Fig. 3) . However, this channel type did not show the prominent inactivation characteristic of the K6 channel type and was active over a wider range of membrane potentials. This channel type could be most easily identified at potentials ranging from -30 to +80 mV from rest, where small-amplitude, longduration openings were observed. Single, short-duration openings occurred at more hyperpolarized potentials.
The third channel active at rest, the K8 (15-pS) channel type, differed from the K6 and K7 channel types in that channel activity was characterized by short-duration, single openings at all potentials where activity was observed and in that maximal activity occurred at hyperpolarized membrane potentials (Figs.  3, 4) . Openings for this channel type were not observed when the membrane was depolarized more than 20 mV from rest.
Association ofK+ channel activity with physiological responses. Spontaneous spike events were often observed in cell-attached somatic and dendritic recordings. These spike events resembled the single-unit activity that is recorded from CNS neurons in vivo using extracellular recording techniques. When high-K+ saline was used in the recording electrode, K+ channel activity was associated with the extracellularly recorded spike events, suggesting a functional role for the K+ channel types in the Gruol et al. * K+ Channel s i n Purkinje Neurons +60 +60 Figure 6 . Single-channel activity of the K6 channel type associated with spike events in a cell-attached somatic recording. The recording electrode contained high-K+ saline. The spike events are shown at a slow time base in A and a fast time base in B. Single-channel conductance was 28 pS, determined from the I-V curve. The I-V curve was constructed from the amplitude of the unitary events at the end of the spike event where the membrane potential was close to resting value. Infrequent channel events of the same type also occurred during interspike intervals at test potential where the channel events were associated with spikes and yielded a similar slope conductance value. At command potentials greater than + 20 mV, the channel activity was not evident or showed rapid inactivation following the onset of the command step. A depolarization of 60 mV represented the extrapolated null potential for K+-selective channels in this patch. generation of somatic and dendritic action potentials (Figs. 6,  7) . A correlation of extracellular and intracellular recordings from the same neuron indicated that the K+ channels were activated during the repolarizing phase of the action potentials and synaptic events (Fig. 7) . At resting membrane potential (i.e., no applied polarization), 2 K+ channel types were commonly associated with the extracellularly recorded spike events, the K3 (39-pS) and K6 (25~s) channel types. Larger-conductance K+ channel types were associated with spike events in some recordings, but could not be unequivocally identified due to the short duration of the unitary events.
Channel activity in outside-out patches. The cell-attached recording configuration enables a study of membrane ion channels under physiological conditions. However, experimental manipulations available with this technique are rather limited. Thus, we initiated a study of outside-out patches to determine if the voltage-sensitive K+ channel types identified in cell-attached patches could be identified in outside-out patches. Fifty-two somatic and 7 dendritic patches were studied. As for cell-attached patches studied under physiological conditions, channel activity was infrequent at the normal resting potential of the Purkinje neuron, approximately -60 mV, and at more hyperpolarized potentials. Depolarization of the membrane evoked outward current events of several amplitudes. These current events were identified as arising from the activity of 5 voltagesensitive K+ channel types, based on single-channel conductance, reversal potential, voltage sensitivity, patterns of activity, and the relative duration of the open state. All 5 I(+ channel types were present in the somatic and dendritic regions. Mean slope conductances measured in the linear range of the depolarizing I-V relation were 93, 73, 41, 26, and 16 pS (Table 1) . A clear reversal of the outward current events at potentials hyperpolarized to -60 mV was not observed for any of the K+ channel types. In these studies, the recording electrodes contained high-K+ saline prepared from either KC1 or K+-gluconate. The bath contained physiological saline. Studies with the KC1 saline were carried out first so that K+ channel types could be distinguished from Cl-channel types based on the reversal potential for the unitary events. The mean extrapolated reversal potential for the K+ channel types was -63 f 2 mV (N = 45) when KCl-filled electrodes were used and -62 + 4 mV (N = 12) when K+-gluconate-filled electrodes were used. The calculated equilibrium potential for Kf was -95 mV under both recording con-ditions; the calculated equilibrium potential for Cll was 3 mV for KCl-filled electrodes and -73 mV for K+-gluconate-filled electrodes. Characteristics of K+ channel activity such as voltage sensitivity and pattern of activity were similar in recordings made with KCl-and K+-gluconate-filled electrodes.
In the outside-out patches, the most commonly observed K+ channel types were the 93-, 73-, and 16-pS channel types. The characteristics of these channel types are illustrated in Figure 8 , obtained from a dendritic patch that contained all 3 channel types. These channel types exhibited properties similar to the Kl (92-pS), K2 (57-pS), and K3 (12-pS) channel types, respectively, observed in cell-attached recordings under physiological conditions. Thus, the Kl channel type in cell-attached recordings and the 93-pS channel type in outside-out patches were most active at strong depolarizations (i.e., at membrane potentials > +20 mV); the frequency of openings and the duration of the open state increased as a function of membrane depolarization. Similarly, the K2 channel type in cell-attached patches and the 73-pS channel type in outside-out patches were most active at moderate depolarizations where long-duration openings were observed. At strong depolarizations, the frequency of activity and the duration of the open state decreased. However, the K2 channel type was a common feature of outside-out patches, but was observed only infrequently in cell-attached patches (Table 1) . The K3 channel type in cell-attached patches and the 16-pS channel type in outside-out patches both exhibited smallamplitude, prolonged openings at strong depolarizations and infrequent short-duration openings at small depolarizations. Based on these similarities, the 93-, 73-, and 16-pS channel types observed in outside-out patches are considered to correspond to the Kl, K2, and K3 channel types identified in cellattached recordings.
The high activity of the Kl, K2, and K3 channel types in outside-out patches limited the characterization of the 2 other K+ channel types, the 4 1-and 26-pS channel types, observed in this recording configuration. However, both channel types appeared to be most active at strong membrane depolarizations. The 26-pS channel exhibited bursting behavior, while the 41-pS channel was characterized by prolong openings (data not shown). These 2 channel types will be referred to as the K4 (4 lpS) and K5 (26-pS) channel types. The Kl, K2, K4, and K5 channel types observed in the current study appear to be the same channel types as observed previously in outside-out somatic patches studied under different ionic conditions with mean conductances of 100, 70, 44, and 27 pS, respectively (Yool et al., 1988) .
K+ channel types were a prominent component of outsideout patches from both the somatic and the dendritic membrane. All patches contained voltage-sensitive K+ channel types, with a mean of 3.4 f 0.2 total channels and 1.7 f 0.1 different channel types per patch (N = 59).
Effect of external K+ on single-channel conductance. As outlined above, the properties of the Kl, K2, and K3 channel types identified in cell-attached patches under physiological conditions were similar to the properties of channel types studied in outside-out recordings under physiological conditions and cellattached recordings under symmetrical K+ conditions. This similarity led to a correlation of the channel types under the different recording conditions. However, the single-channel conductance of all 3 channel types was 2-3 times larger under the symmetrical K+ conditions. To determine if this difference was due to the high extracellular K+, these channel types were studied in outside-out patches first under physiological conditions and then under symmetrical K+ conditions. The conductance of all 3 channel types was found to increase approximately 2-3 times when the external physiological saline was replaced with high-K+ saline. Mean conductance values were 95 f 4 pS and 227 f 9 (N = 8) for the Kl channel type, 69 pS and 150 pS for the K2 channel type (N = l), and 18 f 3 pS and 42 + 5 pS (N = 4) for the K3 channel type under physiological and then symmetrical K+ conditions, respectively.
Discussion
Using the single-channel recording technique, we have shown that multiple voltage-sensitive K+ channel types are present in the somatic and dendritic membranes of cerebellar Purkinje neurons in culture. All patches studied contained voltage-sensitive K+ channels and usually multiple channels of the same and different types. The prominent nature of K+ channels in these recordings indicates that K+ channel types are a major functional component of the somatic and dendritic membranes of the Purkinje neuron.
The K+ channel types were studied in the cell-attached, insideout, and outside-out recording configurations. Physiological and symmetrical K+ conditions were used. The largest number of K+ channel types was identified in cell-attached recordings under symmetrical K+ conditions, where the single-channel conductance was enhanced and channel activity could be detected over a wide range of membrane potentials. Six K+ channel types were identified. Three of these channel types, referred to as the Kl, K2, and K3 channel types, exhibited properties similar to channel types identified in cell-attached and outside-out patches under physiological conditions. The single-channel conductance was 2-3 times larger under the symmetrical K+ conditions, as has been reported previously for K+ channel types studied in other preparations (see below). Correlated channel types showed similar voltage sensitivity and patterns of activity under the different recording conditions. However, one channel type, the K2 channel type, showed high activity in outside-out patches but only infrequent activity in cell-attached patches. This difference may be due to the absence in outside-out patches of intracellular factors that normally regulate channel activity.
The smaller-conductance K+ channel types (K6, K7, and K8) observed in cell-attached patches under symmetrical K+ conditions did not correlate with channel types observed in patches studied under physiological conditions. However, the conductance of these channel types may have been 2-3 times smaller under physiological conditions, as was observed for Kl, K2, and K3 and channel types. In this case, the small amplitude of the unitary events at potentials where maximal activity was observed may have prevented detection. Two channel types observed in outside-out patches (K4 and K5) were also not correlated with channel types observed in cell-attached patches under physiological or symmetrical K+ conditions. This difference may also be due to the absence in outside-out patches of intracellular factors that normally regulate channel activity, as was proposed for the K2 channel type.
The presence of multiple channel types in most patches and the inability to selectively isolate individual channel types for study prevented a detailed analysis of kinetic properties and a more rigorous study of voltage sensitivity of the K+ channel types. Without this information, an unequivocal correlation of the K+ channel types with known K+ conductances is not possible. However, a comparison of the properties of channel types observed in these studies with channel types characterized in other preparations has permitted a tentative identification of some channel types. Based on intracellular and voltage-clamp studies, Purkinje neurons are expected to express a delayedrectifier, A-current, anomalous rectifier and a Caz+-activated K+ conductance (Llinas and Sugimori, 1980a,b; Crepe1 and PenitSoria, 1986; Bossu et al., 1988; Gahwiler and Llano, 1989) . Single-channel studies in several cell types have revealed K+ channel types that exhibit properties expected for these classes of K+ conductances. The properties appear to vary according to cell type.
Delayed-rectifier channels are characterized by single-channel conductances ranging from -7 to 30 pS under physiological conditions and from -30 to 35 pS under symmetrical K+ conditions, depending on cell type (Conti and Neher, 1980; Ypey and Clapham, 1984; Cahalan et al., 1985; Standen et al., 1985; Rogawski, 1986; Harris et al., 1988; Hoshi and Aldrich, 1988; Quandt, 1988) . In the present study, the channel type designated as K3 exhibited characteristics typical for a delayed-rectifier channel. These characteristics include activation by membrane depolarization and the absence of pronounced inactivation. The mean single-channel conductance of the K3 channel type was 16 pS under physiological conditions and 39 pS under symmetrical K+ conditions, consistent with values obtained for delayed-rectifier channels in other cell types under these ionic conditions. The association of this channel type with the repolarizing phase of spontaneous actions potentials is consistent with the proposal that is a delayed-rectifier channel type, a channel type known to function in action potential repolarization. This channel type appears to be similar to a 22-pS channel identified by Bossu et al. (1988) in Purkinje neurons maintained under different culture conditions.
Rapidly inactivating K+ channels that exhibit voltage sensitivity typical of A-currents are characterized by single-channel conductances ranging from -5 to 22 pS under physiological conditions, depending on cell type (Kasai et al., 1986; Sole et al., 1987; Taylor, 1987; Hoshi and Aldrich, 1988) . In the present study, only 1 channel type, the K6 channel type, showed prominent inactivation when depolarizing commands were applied from a hyperpolarized holding potential, a characteristic expected for an A-channel type. The single-channel conductance of this channel type was 25 pS under symmetrical K+ conditions. Assuming either the same conductance in physiological saline or a conductance value 2-3 times smaller, as was found for the Kl, K2, and K3 channel types, this channel type would fit in the range of conductances previously reported for A-channel types under physiological conditions. The association of this channel type with the repolarizing phase of spontaneous actions potentials is consistent with the proposal that it may be an A-channel type. Intracellular studies have shown that A-currents function in the repolarization of action potentials in other CNS neurons (Storm, 1987) .
In the present study, only 1 channel type, designated as K8, showed high activity restricted to hyperpolarized membrane potentials. Activity at hyperpolarized potentials would be expected for an anomalous rectifier channel. The mean singlechannel conductance under symmetrical K+ conditions was 15 pS, within the range (-lo-40 pS) reported for anomalous rectifier channels in other cell types (Ohmori et al., 198 1; Sakmann and Trube, 1984; Burnashev and Zilberter, 1986; Josephson and Brown, 1986; Shingai and Quandt, 1986; Matsuda et al., 1987) .
Two large-conductance channel types, designated as Kl and K2, were also observed in the current study. The Kl channel type exhibited properties similar to the BK channel, a largeconductance, Ca2+-activated K+ channel first characterized in muscle (Palotta et al., 198 1; Barrett et al., 1982) and chromaffin cells (Marty, 198 1) and later found to be common to many cell types. The BK channel is activated by membrane depolarization, has a large conductance that varies with the extracellular K+ level, and exhibits high sensitivity to 1 mM external tetraethylammonium (TEA). In the present study, the Kl channel type was activated by membrane depolarization and exhibited conductance values similar to the BK channel under physiological and symmetrical K+ conditions. We have previously shown that external TEA at a 1 mM concentration antagonizes the activity of this channel type (Yool et al., 1988) . Additional studies in progress have shown that the activity of this channel type is dependent on the level of internal Ca*+ (Gruol and Jacquin, 1989 ). These properties suggest that Kl channel type is the BK channel. Recently, Gahwiler and Llano (1989) have described a similar K+ channel type in outside-out somatic patches from Purkinje neurons maintained under different culture conditions. They have also concluded that it is the BK channel type.
The K2 channel type also exhibited a large single-channel conductance that varied with external K+ concentration. However, the voltage range for maximal activity of the K2 channel type differed from that of the BK channel type. In the outsideout patches, where the K2 channel type was commonly detected, maximal activity occurred at small depolarizations. The Kl channel type (i.e., BK channel type) showed little activity at these potentials. At stronger depolarizations, where the Kl channel type exhibited maximal activity, the activity of the K2 channel type decreases as a function of membrane potential. We have previously shown that the activity of this channel type is also sensitive to 1 mM TEA (Yool et al., 1988) . In studies in progress, frequency of detecting the K2 channel type in outsideout patches was found to vary with the internal Ca2+ level, indicating that the activity of this channel type is also regulated by internal Ca2+ (Gruol and Jacquin, 1989) . This channel type may correlate with one of the multiple Ca2+-activated K+ channel types identified in rat brain membranes studied in lipid bilayers (Farley and Rudy, 1988; Reinhart et al., 1989) .
The current demonstration of voltage-sensitive K+ channel types in both the somatic and the dendritic membranes of the Purkinje neuron provides direct experimental support for the proposal that active conductances contribute to the membrane functions of both cellular regions in this neuronal type (Llinas, 1975; Llinas and Sugimori, 1980b; Gruol, 1986; Ross and Werman, 1987; Tank et al., 1988; Hockberger et al., 1989) . These results compliment the recent single-channel studies of Bossu et al. (1989b) demonstrating that voltage-sensitive Ca2+ channel types are present in the dendritic region of Purkinje neurons in culture. The association of K+ channel events with synaptically evoked somatic and dendritic spikes in the current study suggests that one functional role for the voltage-sensitive K+ channels is in the repolarization of spike events. Multiple K+ channel types were associated with the spike events, consistent with intracellular recordings in other CNS neuronal types showing that multiple K+ conductances contribute to spike repolarization (Storm, 1987) .
In addition to spike repolarization, the voltage-sensitive K+ channels could also contribute to other important somatic and dendritic functions. In cell-attached recordings under symmetrical K+ conditions, several K+ channel types were active at resting membrane potential, including the K6, K7, and K8 channel types. These channel types may contribute to membrane functions such as establishing the ,resting membrane potential and generating pacemaker activity. Dendritic K+ channel types may also be directly involved in the transduction of synaptic signals. Pharmacological studies have shown that several CNS transmitters regulate the activity of voltage-sensitive K+ conductances in neuronal cells (Bloom, 1988) . These transmitters include norepinephrine and serotonin, which are present in afferent pathways to the Purkinje neuron in vivo. The current demonstration of voltage-sensitive K+ channels in the dendritic region of the Purkinje neuron opens to question whether 1 or more of these channel types are sites of transmitter action at dendritic synapses. Future studies in this area will be important for a more complete understanding of the roles played by dendritic conductances in the transduction and integration of the synaptic signals elicited by different afferent pathways and transmitter types.
